Acute ischaemic stroke in brain areas contributing to male sexual function may impair erectile function depending on the lesion site. This study intended to determine associations between stroke-related erectile dysfunction and cerebral ischaemic lesion sites using voxel-based lesion mapping. In 52 males (mean age 60.5 AE 10.5 years) with first-ever ischaemic strokes, we assessed erectile function after and retrospectively 3 months prior to the stroke using scores of the 5-item International Index of Erectile Function-5 questionnaire. We assessed cardiovascular risk factors and determined clinical stroke severity and infarct volumes as well as total brain volume by neuroimaging. We calculated correlations between patient age, clinical stroke severity, infarct volumes as well as brain volumes and the difference between erectile dysfunction scores before and after stroke. Moreover, we compared patient age, prevalence of cardiovascular risk factors, clinical stroke severity, infarct volumes and brain volumes of patients with unchanged and deteriorated erectile function after stroke. The infarcts were manually outlined and transformed into stereotaxic space. We determined the lesion overlap and performed subtraction analyses of lesions. In a voxel-based lesion analysis, the difference between erectile dysfunction scores before and after stroke was correlated with the lesion site using t-test statistics. Finally, we conducted a region of interest-based multivariate linear regression analysis that was adjusted for potential confounding factors including patient age, clinical stroke severity, imaging modality, lesion size and brain volume. In 32 patients (61.5%) erectile dysfunction scores declined after the stroke and therefore had stroke-related erectile dysfunction. Deterioration of erectile dysfunction scores was not associated with patient age, clinical stroke severity, infarct volume, brain volume, and cardiovascular risk factors. The voxel-wise subtraction analysis showed associations between stroke-related erectile dysfunction and lesion sites in the right occipito-parietal cortex and thalamus, as well as in the left insula and adjacent temporo-parietal areas. Using voxel-wise t-test statistics, we showed associations between deterioration of erectile function and lesion sites in the right occipital and thalamic region, and the left parietal association area. The linear regression analysis showed that stroke-related erectile dysfunction remained associated with lesions of the right occipital and left parietal association areas after adjusting for confounding factors. In conclusion, our voxel-wise analysis indicates that deteriorating erectile function after stroke is associated with lesions in the right occipito-parietal and thalamic areas integrating visual and somatosensory information, as well as lesions in the left insular and adjacent parieto-temporal areas contributing to generating and mapping visceral arousal states.
Introduction
In developed countries, both stroke and erectile dysfunction are frequent and share common risk factors (Virag et al., 1985a, b; Thompson et al., 2005; McVary, 2007; Inman et al., 2009; Shamloul and Ghanem, 2013; Koehn et al., 2015) . Cerebro-and cardiovascular risk factors, such as diabetes mellitus, arterial hypertension, cigarette smoking and hyperlipidaemia are also risk factors for erectile dysfunction, as they promote arteriosclerotic changes and subsequent endothelial dysfunction in the vessels supplying the erectile penile tissue (Shamloul and Ghanem, 2013) . This process may impede vasodilation within the erectile penile tissue and accounts for vasculogenic erectile dysfunction (Shamloul and Ghanem, 2013) . However, vasodilation and smooth muscle relaxation of erectile penile tissue depend on neuronal efferent and afferent impulses that are conveyed by peripheral nerves, spinal and supraspinal areas (Giuliano and Rampin, 2000) .
Among cerebral areas known to contribute to penile erection are subcortical regions, such as the hypothalamus with the paraventricular nucleus and the medial preoptic area, the midbrain, or limbic structures, such as the amygdala and hippocampus (Chen et al., 1997; McKenna, 2000; Argiolas and Melis, 2005; Melis et al., 2009 ). Functional neuroimaging studies of healthy males have shown that cortical areas, such as the insula, the visual and somatosensory association areas, the cingulate gyrus, the prefrontal cortex, as well as subcortical regions (hypothalamus, thalamus, amygdala, and basal ganglia) are activated during male sexual arousal (Arnow et al., 2002; Ferretti et al., 2005; Moulier et al., 2006; Miyagawa et al., 2007) . These regions also seem to promote penile erection, since their degree of neuronal activity positively correlates with penile tumescence (Arnow et al., 2002; Moulier et al., 2006) .
Ischaemic strokes in cortical and subcortical brain areas that contribute to regulating male sexual arousal might impair penile erection. We hypothesize that ischaemic stroke-related lesions in brain regions that are normally activated during male sexual arousal and penile erection will compromise erectile function. In this study, we therefore assessed clinical parameters of erectile function before and after ischaemic stroke, and correlated clinical parameters of erectile function before and after ischaemic stroke with ischaemic lesion site using voxel-based lesion symptom mapping (VLSM) (Bates et al., 2003; Rorden et al., 2007; Winder et al., 2015) .
Materials and methods

Patients
This study was conducted at the University Hospital Erlangen of the Friedrich-Alexander-University Erlangen-Nü rnberg. We studied males who had experienced ischaemic stroke 1 to 24 months (mean 11.1 AE 7.0 months) prior to our study. We assessed erectile function (Rosen et al., 1999) at the time of our study and-retrospectively-3 months prior to stroke. Males with the following conditions were excluded from the study: (i) age younger than 35 and older than 79 years; (ii) other neurological diseases than ischaemic stroke; (iii) patients on phosphodiesterase type 5-inhibitors or any other drugs modifying erectile function; (iv) older ischaemic infarcts evidenced on imaging scans; and (v) inability to give informed consent or to adequately cooperate in the study due to large infarcts and fluent or non-fluent aphasia.
To assess erectile dysfunction prevalence and severity, we used the validated abridged International Index of Erectile Function-5 (IIEF5) questionnaire that consists of five items. The items of the IIEF5 evaluate the patient's confidence to maintain an erection, the level of penile tumescence, the ability to maintain an erection at the beginning of sexual intercourse, the ability to maintain the erection until completion of sexual intercourse, and the overall sexual satisfaction with a maximum score of 5 per item (Rosen et al., 1999) . Thus, the IIEF5 score ranges from a minimum of 1 to a maximum of 25 (Rosen et al., 1999) . For each of the five items a score of 5 indicates that (i) the patient is very confident to get an erection; (ii) penile erections are almost always hard enough for vaginal penetration; (iii) the patient is almost always able to maintain erection after penetration; (iv) the patient is almost always able to maintain erection until the end of sexual intercourse; and (v) the patient is almost always satisfied with the sexual interaction. An IIEF5 score of 21 or below indicates erectile dysfunction (Rosen et al., 1999) . The IIEF5 classifies erectile function, as no erectile dysfunction (22-25 points; grade 1), mild erectile dysfunction (17-21 points; grade 2), mild to moderate erectile dysfunction (12-16 points; grade 3), moderate erectile dysfunction (8-11 points; grade 4), and severe erectile dysfunction (1-7 points; grade 5). We calculated the difference between the IIEF5 scores prior and after ischaemic stroke (DeltaIIEF5).
Clinical stroke severity was assessed by means of the National Institute of Health Stroke Scale (NIHSS) score at the time of admission to our hospital (Kasner, 2006) . The NIHSS score ranges from 0-42 points (Kasner, 2006) . We took the medical history with particular emphasis on risk factors, arteriosclerotic co-morbidities and medication. To rule out other diseases, all patients underwent a physical examination.
The study was approved by the ethics committee of the University of Erlangen-Nuremberg, and all participants had given written informed consent according to the Declaration of Helsinki before the study.
Imaging techniques
All patients underwent MRI (3 T Magnetom Trio or 1.5 T Siemens Magnetom Sonata, Siemens Healthcare) or CT (Siemens, Sensation 64 or Somatom Definition AS + , Siemens Healthcare) of the brain within the first 7 days after the acute stroke. Imaging modality was at discretion of the treating physician. Patients who received CT but no MRI where only included in the study if a CT scan was available that had been acquired 424 h after stroke onset and if the ischaemic infarct had been clearly demarcated. Non-contrast CT was used to assess the ischaemic lesion in these patients. Images obtained by a Siemens Sensation 64 CT had the following specifications: infratentorial slice thickness = 4.8 mm, voxel size = 0.4 Â 0.4 Â 4.8 mm ) as the anatomical scan. The inclusion of patients whose ischaemic lesions were delineated on CT and on MRI seems justified, as we demonstrated in a recent lesion mapping study that infarct configuration or volumes did not differ significantly if ischaemic lesions were assessed on CT or MRI by using the above algorithm (Winder et al., 2015) .
Lesion analysis and spatial normalization
Two experienced investigators (K.W. and F.S.) manually delineated the boundaries of the ischaemic lesion on anonymized imaging scans using MRIcron (http://www.mccauslandcenter. sc.edu/mricro/mricron/) (Rorden et al., 2007) . To avoid observer bias, both raters were blinded to clinical parameters and scores of erectile function during imaging analysis. The MRI or CT scan and the ischaemic lesion shape were transferred into stereotaxic space using the normalization algorithm of SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) and the Clinical Toolbox for SPM8 (Rorden et al., 2012) (http://www.mricro. com/clinical-toolbox/spm8-scripts). Using the MR-segmentnormalize algorithm of the Clinical Toolbox, the MRI-derived lesion shape and the magnetic resonance images were transformed to the T 1 template based on older individuals with a resampled voxel size of 1 Â 1 Â 1 mm 3 (Rorden et al., 2012) . In more detail, the ischaemic lesion was manually delineated on a pathologic scan, i.e. DWI or FLAIR sequences, as described above. The pathological scan was used to co-register the lesion map to the T 1 -weighted anatomical scan. Then the unified-segmentation normalization algorithm on the anatomical scan was performed by assuming a priori maps of grey matter, white matter and CSF in the brain (Ashburner and Friston, 2005; Rorden et al., 2012) . To remove jagged edges that were created during lesion delineation, the lesion was smoothed with 3 mm full-width at half-maximum and 0.5 threshold, then a dilated binary lesion mask using 8 mm fullwidth at half-maximum and 0.001 threshold was created. Normalization was conducted with the lesion masked cost function technique (Brett et al., 2001; Rorden et al., 2012) . The normalized T 1 scan and the 3 mm smoothed lesion were resliced and the normalized lesion was binarized (Rorden et al., 2012) . The normalized lesion map was then analysed with non-parametric mapping software implemented in the MRIcron software package (Rorden et al., 2012) . We used the CT-normalize function of the Clinical Toolbox for SPM8 to transform CT-derived ischaemic lesions and CT scans to the template with a resampled voxel size of 1 Â 1 Â 1 mm 3 (Rorden et al., 2012) . Thereby Hounsfield units of the CT scan were converted to the image brightness range of the template and then the data were normalized using the standard normalization algorithm of SPM8 (Rorden et al., 2012) . Again, normalization was conducted with the lesion masked cost-function algorithm while emphasizing the tissue contrast between CSF and parenchyma (Brett et al., 2001; Rorden et al., 2012) . Finally, the normalized binary lesion shape and CT scan were generated and analysed (Rorden et al., 2012) .
Statistical analysis
We first performed a subtraction analysis to determine whether the lesion overlap of patients in whom erectile dysfunction deteriorated after stroke differed from the lesion overlap of patients without changes in erectile dysfunction after stroke. The subtraction analysis subtracted the lesion overlap of patients with unchanged erectile function after stroke from the lesion overlap of patients with deteriorated erectile function after stroke . As a second statistical analysis, we compared dichotomous overlap values of ischaemic lesion sites, identified in the VLSM analysis, with the patients' continuous DeltaIIEF5 scores using t-test statistics. Only voxels that were damaged in at least 3% of the patients were included in this t-test analysis. To control for multiple comparisons we applied a false discovery rate (FDR) correction of q 5 0.05. As increasing infarct size might be associated with an increased risk of afflicting brain areas that are strategically relevant for erectile function (Karnath et al., 2004; Hilz, 2008; Winder et al., 2015) , we calculated volumes of ischaemic lesions using non-parametric mapping software implemented in the MRIcron software package (Rorden et al., 2007) . To assess whether total brain volume predicts deteriorating erectile function after stroke, we analysed the volume of the brainextracted T 1 image (smoothed with 1 mm full-width at halfmaximum), which was generated during spatial normalization of MRI scans (Rorden et al., 2012) . The brain volume of patients in whom lesions were analysed on CT scan was determined manually. To determine damaged brain regions, affected voxels were overlaid on the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) . The peak coordinates of the involved regions are presented in Montreal Neurological Institute (MNI) space.
To further determine parameters possibly contributing to a stroke-related deterioration of erectile function, we compared age, NIHSS scores, infarct volumes and total brain volumes of patients with unchanged IIEF5 scores after stroke (DeltaIIEF5 = 0) to respective data of patients with deteriorated IIEF5 scores after stroke (DeltaIIEF5 4 0), using t-tests for normally distributed data and the Mann-Whitney U-test for not normally distributed data. We used the Fisher's exact test to compare the prevalence of cerebrovascular risk factors in patients with unchanged IIEF5 scores after stroke and in patients with deteriorated IIEF5 scores. Using the Spearman rank correlation coefficient, we correlated DeltaIIEF5 scores with patient age, NIHSS scores, infarct volumes, and total brain volume. Moreover, we tested interrelations of patient age, NIHSS scores, infarct volumes and total brain volume separately using Spearman rank correlations. DeltaIIEF5 scores, patient age, NIHSS scores, infarct volumes and total brain volume of patients in whom infarcts were analysed on MRI scan were compared to respective data of patients in whom lesions were analysed on CT scan using the Mann Whitney U-test.
Finally, we performed a linear regression analysis with DeltaIIEF5 scores serving as the continuous dependent variable. Independent binary covariables of interest were the lesioned brain areas for which the above described voxelwise t-test statistics showed a significant association with IIEF5 deterioration after stroke, i.e. the right occipito-parietal area, right thalamus, and left parietal association area.
Independent covariables of no interest were imaging modality, age, NIHSS scores, total brain volume, and lesion volume.
To test for normal distribution of data, we used the ShapiroWilk test. Normally-distributed data are presented as mean AE standard deviation (SD) and non-normally distributed data as median and interquartile ranges (IQRs). Statistical significance was assumed for P 5 0.05. For statistical calculations, we used a commercially available statistic program (SPSS 20.0; IBM, Armonk, NY).
Results
Clinical parameters
Of 57 males screened, 52 fulfilled the inclusion criteria and were eligible to be included in the VLSM analysis. Table 1 shows the patients' demographic and clinical data. IIEF5 scores reflecting erectile function 3 months prior to stroke ranged from 1-25 (median, 23; lower quartile, 19; upper quartile, 24) . IIEF5 scores reflecting erectile function at the time of our study, i.e. after the stroke, ranged from 1-25 (median, 16; lower quartile, 3.5; upper quartile, 20.5). Twenty-five of 52 males (48.1%) reported that their IIEF5 scores were below 22 already prior to the stroke. After the stroke, IIEF5 scores were below 22 in 40/52 males (76.9%). In 32 of 52 males (61.5%) IIEF5 scores had decreased after ischaemic stroke (DeltaIIEF5 4 0). In 20 of 52 males (38.5%) IIEF5 scores had not changed after the ischaemic stroke (DeltaIIEF5 = 0). In none of the 52 males, IIEF5 scores had increased after the ischaemic stroke. Median DeltaIIEF5 score was 2 (IQR 0-12).
NIHSS scores ranged from 0-13 (median, 2; lower quartile, 1; upper quartile, 3). DeltaIIEF5 scores did not correlate with patient age, NIHSS scores, total brain volume or infarct volumes (Spearman rank correlation, P 4 0.05). 
Interrelation between regressors
Age correlated inversely with total brain volume (Spearman Rho, À0.33; P = 0.018). Volume of ischaemic lesions correlated with NIHSS scores (Spearman Rho, 0.46; P = 0.001).
There was no significant difference in DeltaIIEF5 scores, patient age, NIHSS scores, infarct volumes, and brain volumes between patient groups in whom lesions were analysed on MRI and those in whom lesions were analysed on CT scans (Mann Whitney U-test; P 4 0.05).
Imaging analysis
Ischaemic strokes were right-sided in 16 of 52 patients (30.8%), left-sided in 32/52 patients (61.5%), and bilateral in 4/52 patients (7.7%). Ten of 52 patients (19.2%) had infratentorial, 2/52 patients (3.8%) had infra-and supratentorial, and 40/52 patients (76.9%) had supratentorial ischaemic strokes. In 8/52 patients (15.4%), we delineated the ischaemic lesion on CT scans and in 44/52 patients (84.6%), we identified ischaemic strokes on MRI scans. The mean interval between stroke-onset and imaging was 1.9 AE 2.7 days. Figure 1 shows the lesion distribution and lesion overlap of all patients.
Voxel-based lesion symptom mapping Figure 2 shows the results of the subtraction analysis. Larger clusters of lesioned voxels in the right occipito-parietal region and thalamus, as well as in the left insular and adjacent temporo-parietal cortex were associated with deterioration of erectile function after stroke. The peak coordinates as well as the number of lesion overlaps after subtraction are illustrated in Table 2 . Figure 3 illustrates brain areas in which damaged voxels correlated with continuous DeltaIIEF5 scores. A total of 17 905 voxels correlated with DeltaIIEF5 scores. 17 166 voxels were located in the grey matter and 739 voxels in the white matter. In short, DeltaIIEF5 scores correlated with a large cluster of ischaemic lesions in the right occipital cortex, including the calcarine, cuneal and lingual areas, superior, middle and inferior occipital gyrus with extensions of this cluster into the right precuneus. Only smaller clusters of lesioned voxels in the right fusiform gyrus and thalamus correlated with DeltaIIEF5 scores. In the left hemisphere, DeltaIIEF5 scores correlated with ischaemic lesions in parietal association areas. Table 3 shows lesion sites associated with DeltaIIEF5 scores, the corresponding number of damaged voxels, and peak coordinates outlined in MNI space. Figure 2 Subtraction map of lesion overlap of patients in whom erectile function was unchanged after stroke subtracted from the lesion overlap of patients in whom erectile function declined. (A) Lesioned voxels highlighted in red colour represent lesion overlap of patients in whom erectile function declined after stroke and lesions highlighted in blue colour indicate lesion overlap of patients in whom erectile function was unchanged after stroke. (B) After subtraction of lesion overlap of patients in whom erectile function was unchanged from the lesion overlap of patients in whom erectile function declined after stroke, lesioned voxels in the right occipital and parietal areas, thalamus, and fusiform gyrus, as well as the left insular and adjacent temporo-parietal areas were associated with stroke-related erectile dysfunction. To reduce noise only voxels that were lesioned in at least 6% of the individuals after subtraction are shown. L = left hemisphere; N = number of lesion overlaps after subtraction in per cent; R = right hemisphere.
Linear regression analysis
The linear regression analysis with DeltaIIEF5 score as the dependent variable shows that ischaemic lesions in the right occipito-parietal area (beta, 0.33; P = 0.012) and left parietal association area (beta, 0.44; P = 0.001) remained independently associated with deteriorating erectile function after normalizing for age, imaging modality, NIHSS scores, infarct volumes and total brain volume.
Discussion
Our data show that deterioration of erectile function is common after ischaemic stroke and afflicted more than 60% of our patients. This stroke-related erectile dysfunction seems to be associated with the site of ischaemic lesions. Our voxel-wise analysis shows associations between deterioration of erectile dysfunction and ischaemic lesion sites most prominently in the right hemispheric occipital and adjacent parietal cortex and thalamus, as well as in the left hemispheric insula and adjacent temporal and parietal association cortices. The linear regression analysis that was adjusted for patient age, imaging modality, NIHSS scores, infarct size and total brain volume confirmed that lesions in the right occipito-parietal area as well as lesions in the left parietal association area remained associated with deteriorating erectile function after stroke. So far, the impact of isolated central lesions on erectile function has not been sufficiently addressed in stroke patients although sexual dysfunction is frequent among stroke patients and may compromise their quality of life, selfesteem, and partnership (Hilz, 2008; Koehn et al., 2015) . Only a few studies investigated associations between male sexual dysfunction including erectile dysfunction and ischaemic stroke site (Coslett and Heilman, 1986 ; Monga Figure 3 Results of the voxel-based lesion symptom mapping analysis. Lesioned voxels in the right occipital area, thalamus, and fusiform gyrus, as well as left parietal association areas remained associated with stroke-related erectile dysfunction. We conducted t-test statistics to assess correlations between continuous DeltaIIEF5 scores and ischaemic lesion sites. Only voxels that were damaged in at least two patients were included in the analysis. A false discovery rate (FDR) correction of q 5 0.05 was applied (z-score = 2.4). L = left hemisphere; R = right hemisphere; z = z-score. Lesioned areas associated with deterioration of erectile function after stroke with corresponding peak coordinates outlined in MNI space and number of lesion overlaps after subtraction in per cent are shown. Only areas that were lesioned in at least 50 voxels are reported. Left parietal inf = left inferior parietal lobule; left rolandic oper = left rolandic operculum; left temporal inf = left inferior temporal gyrus; left temporal mid = left middle temporal gyrus; left temporal sup = left superior temporal gyrus; right occ inf = right inferior occipital gyrus; right occ mid = right middle occipital gyrus; right occ sup = right superior occipital gyrus.
et al. Kimura et al., 2001; Jung et al., 2008; Koehn et al., 2015) . Among 26 males with unilateral stroke, Coslett and Heilman (1986) found that strokes afflicting the right hemisphere were more frequently associated with major male sexual dysfunction than were left hemispheric strokes. Among 109 male stroke patients, Jung et al. (2008) did not find a significant correlation between IIEF5 scores after stroke and stroke location. However, the authors described associations between significant ejaculation disorders and lesions in the right cerebellum; whereas decreased sexual desire was linked to lesions of the left basal ganglia (Jung et al., 2008) . Recently, our group studied the prevalence of post-stroke erectile dysfunction in relation to the vascular territory affected by the ischaemic stroke (Koehn et al., 2015) . We concluded that deterioration of erectile function after stroke might be related to a stroke-induced disruption of the central autonomic network that assures penile erection (Koehn et al., 2015) .
Voxel-wise analysis provides more precise correlation with sexual dysfunction
In the present study, we assessed more detailed associations between deterioration of erectile function and ischaemic lesions by determining voxel-wise lesions, then assessing the voxel-specific lesion overlap in our entire sample of stroke patients, and finally performing analyses between voxel-wise lesion overlap and erectile dysfunction scores (Winder et al., 2015 (Winder et al., , 2016 . Moreover, we considered potential confounding factors possibly compromising sexual function, such as age, stroke severity, stroke risk factors and total brain volume or volume of ischaemic lesions, but did not find any correlation between stroke-related erectile dysfunction and these potential confounders. Consequently, we conclude that stroke-related erectile dysfunction is largely due to ischaemic lesions in strategic brain areas that are important modulators of sexual function (Winder et al., 2016) .
Lesion sites associated with strokerelated erectile dysfunction
This rather specific approach towards identifying associations between circumscribed cerebral ischaemic lesions and deterioration of sexual function showed that erectile function declined if patients had ischaemic lesions in two distinct cerebral neural networks; one in the right visual occipital and thalamic areas, and the other in left insular and adjacent temporo-parietal areas. In a recent multivariate VLSM study of 44 females with multiple sclerosis, we found that right occipital multiple sclerosis lesions were associated with impaired female sexual arousal, and left insular lesions were associated with impaired vaginal lubrication, i.e. the somatic manifestation of female sexual arousal (Winder et al., 2016) . The occipital cortex was consistently shown to be activated in functional neuroimaging studies of male sexual arousal and erection elicited by visual sexual stimuli (Bocher et al., 2001; Arnow et al., 2002; Karama et al., 2002; Ferretti et al., 2005; Moulier et al., 2006; Miyagawa et al., 2007) . Additionally, the emotional valence of visual stimuli seems to modulate the intensity of neuronal activity in the visual association areas (Karama et al., 2002) . According to Karama et al. (2002) activation of the visual association areas was significantly higher in response to visual sexual stimuli than in response to non-emotional visual stimuli such as geometric figures. The authors regarded this higher activation as a neural substrate of high attention arising in individuals who Brain areas with corresponding voxel counts of lesioned voxels and peak coordinates outlined in MNI space are shown.
were exposed to visual emotional stimuli (Karama et al., 2002) . Consequently, we assume that lesions in the occipital areas might disrupt the attention and motivational components of sexual arousal, since our results show that ischaemic lesions in the occipital lobe were associated with stroke-related erectile dysfunction (Karama et al., 2002; Winder et al., 2016) . Similarly, the thalamus seems to have a specific role in mediating male sexual arousal and penile erection. A previous study linked the neural activation in the thalamus to the general emotional arousal component that accompanies sexual arousal in males and females (Walter et al., 2008) . Studying sexual function of 10 healthy males by means of functional neuroimaging, Moulier et al. (2006) showed that early activation in the right thalamus correlated with the degree of penile tumescence. These findings suggest that the thalamus is involved in afferent sensing of the level of penile tumescence (Moulier et al., 2006) . In addition, the centromedian thalamus is part of the neural circuitry that mediates human reward anticipating behaviour. Using functional neuroimaging, Ponseti et al. (2006) investigated heterosexual and homosexual individuals while they viewed sexual stimuli of the preferred and non-preferred gender. The authors demonstrated a stronger neuronal activation of the centromedian thalamus when individuals watched sexual stimuli of the preferred than non-preferred gender (Ponseti et al., 2006) . The authors concluded that the higher thalamic activation in response to visual sexual stimuli of the preferred gender represents the higher reward anticipation in the exposed subject (Ponseti et al., 2006) . Considering the multimodal integrative functions of the thalamus, ischaemic thalamic lesions very likely have disruptive effects on sexual arousal and erectile function by compromising the general emotional arousal components, sensory input, motivational, and reward-anticipatory processes to which thalamic structures contribute essentially (Moulier et al., 2006; Ponseti et al., 2006) . Moreover, our voxel-wise subtraction analysis indicates associations between impaired erectile function after stroke and ischaemic lesions in the left insular and adjacent temporo-parietal region. The insular cortex is a neural entity that contributes to generating and integrating visceral autonomic arousal states, but is also in involved in emotional and pain processing (King et al., 1999; Saper, 2002; Cechetto and Shoemaker, 2009 ). Penile erection is primarily mediated by parasympathetic activation and includes smooth muscle relaxation of the trabeculae and arterioles in the dorsal corpora cavernosa and in the ventral corpus spongiosum of the penis (Hilz, 2008) . Consequently, we hypothesize that ischaemic lesions in the left insular and adjacent opercular region might impair erectile function by afflicting the autonomic parasympathetic modulation component (Hilz, 2008; Winder et al., 2016) . Using functional neuroimaging in healthy individuals, several studies showed activations of the insular cortex during male sexual arousal and penile erection (Arnow et al., 2002; Ferretti et al., 2005; Moulier et al., 2006; Miyagawa et al., 2007) . Hemispheric inactivation and insular stimulation experiments in humans showed hemispheric predominance of autonomic modulation with more prominent sympathetic influence arising from the right hemisphere or insula whereas the left hemisphere seems to be more involved in cardiovagal control (Zamrini et al., 1990; Oppenheimer et al., 1992; Yoon et al., 1997; Hilz et al., 2001; Oppenheimer, 2006) . Functional neuroimaging studies in healthy individuals and voxel-wise lesion studies in stroke patients confirmed the hemispheric lateralization of autonomic sympathetic and parasympathetic arousal (Williamson et al., 1997; Critchley et al., 2000a, b; Williamson et al., 2001; Kimmerly et al., 2005; Macey et al., 2012; Winder et al., 2015) . In the animal experiment, insular cortex lesioning was shown to induce autonomic dysfunction depending on the side or location within the insular cortex (Zhang et al., 1998; Oppenheimer, 2006) . Zhang et al. (1998) showed increased sympathetic outflow, baroreflex impairment or decreased parasympathetic cardiovascular control in animals with lesions in the insula. Previous studies of humans with ischaemic stroke linked insular damage to decreased heart rate variability, sympathetic disinhibition, hyperglycaemic reactions, troponin increase and myocardial damage as well as overall poor prognosis (Tokgö zoglu et al., 1999; Sander et al., 2001; Colivicchi et al., 2004; Ay et al., 2006; Oppenheimer, 2006; Dü tsch et al., 2007; Sö rö s and Hachinski, 2012; Winder et al., 2015) .
Our findings of deteriorating erectile function scores with ischaemic lesions in the left parietal association areas suggest that the sensory association areas normally contribute to penile erection. Several functional neuroimaging studies of male sexual arousal have shown activation of somatosensory association areas in healthy males even without sensory stimulation of external genitalia (Ferretti et al., 2005; Moulier et al., 2006; Mouras et al., 2008) . The inferior parietal lobule, together with the premotor cortex, composes the mirror neuron-system (Iacoboni and Dapretto, 2006; Cattaneo and Rizzolatti, 2009) . Evidence from animal experiments suggests that the mirror neuron system is activated when the animal itself performs a motor task, but also when it observes another animal performing the same motor task (Iacoboni and Dapretto, 2006; Cattaneo and Rizzolatti, 2009 ). The mirror neuron system also has been linked to processing of emotional states of others, thereby mediating empathy (Carr et al., 2003) . Regarding the exposure of males to sexually arousing video clips, neuronal activation in the human mirror neuron system, including the inferior parietal lobule, may reflect sexual motivation and sexual motor imagery .
Limitations
There are several limitations to our study. The VLSM technique only supports conclusions regarding associations between erectile dysfunction and sites of ischaemic lesions for those brain areas that are shown in Fig. 1 . The evaluation of voxel-wise overlap of ischaemic lesions fails to assess the sexual effects of lesions in brain regions that are not involved in the lesion overlap. Thus, associations between stroke-related erectile dysfunction and lesions in areas that are known to usually contribute to autonomic and emotional processing, such as the prefrontal or orbitofrontal cortices, the hypothalamus, the cingulate gyrus or infratentorial areas, cannot be adequately determined by the VLSM approach unless the sample size is far bigger than in our study (Benarroch, 1997 ). Yet, our strict inclusion and exclusion criteria ruling out the evaluation of patients with other possible causes of erectile dysfunction or patients with severe stroke and aphasia, limited the number of patients who were suited for this study. Consequently, the sample size of this study was not large enough to adequately power a multivariate voxel-wise logistic regression analysis (Karnath et al., 2004; Winder et al., 2015) that was adjusted for age, imaging modality, NIHSS scores, lesions size, and total brain volume. However, we performed a region of interest-based analysis that was adjusted for the above mentioned potential confounding variables. In our patients, infarct size did not correlate with deteriorating erectile function after stroke. Again, to assure that our patients were still able to participate in sexual activity after the stroke, we had to exclude patients with large infarcts and severe neurologic deficits including aphasia. Consequently, the infarct size usually was rather small in our patients. We assume that the exclusion of patients with larger infarcts attenuated the interaction between effects of infarct volume and deterioration of erectile function after stroke, and therefore did not yield a significant correlation between infarct volumes and DeltaIIEF5 scores. The absent association between deterioration of erectile dysfunction after stroke and prevalence of cerebrovascular risk factors might also be attributed to the rather small sample size. A larger sample size might therefore yield different results with a possible correlation of stroke-related erectile dysfunction and cardiovascular risk factors or ischaemic damage in somewhat different areas than those identified in the present study. Moreover, we have to note that we studied stroke-related erectile dysfunction as an isolated and independent component of sexual dysfunction. In this study, we did not assess other aspects of sexual dysfunction, such as impairment of sexual desire or ejaculation. Another limitation of our study is the retrospective evaluation of our patients' erectile function status three months prior to their stroke. Finally, patients' subjective answers to the erectile function self-questionnaire might have had some effect on our findings.
Conclusion
In conclusion, our data indicate that deterioration of erectile function is common after ischaemic stroke. Deterioration of erectile function after stroke is associated with ischaemic lesions in multiple brain areas that contribute to processing of autonomic regulation, attention, reward-anticipation and sensory input. The lesioned areas shown to be associated with decreased erectile function after stroke in the present study correspond to brain regions which have been shown in functional neuroimaging studies to be associated with activation of erectile function (Arnow et al., 2002; Ferretti et al., 2005; Moulier et al., 2006; Miyagawa et al., 2007) .
